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Abstract

We present results of an extensive numerical study that was motivated by the experimental problem to understand under which

conditions SinHm nanoparticles deposited by plasma enhanced chemical vapor deposition (PECVD) take an amorphous or a crys-

talline structure. A crystalline structure of those particles is crucial, for example, for the electrical properties and lifetime of poly-

morphous solar cells. First, we use a fluid dynamics model to characterize the experimentally employed silane plasma. The resulting

relative densities for all plasma radicals, their temperatures, and their collision interval times are then used as input data for detailed

semiempirical quantum molecular dynamics simulations. As a result the growth dynamics of nanometric hydrogenated silicon SinHm

clusters is simulated starting out from the collision of individual SiHx radicals under the plasma conditions derived above. We dem-

onstrate how the details of the plasma determine the amorphous or crystalline character of the forming nanoparticles. Finally, we

show a preliminary absorption spectrum based on ab initio time-dependent DFT calculations for a crystalline Si10H16 cluster to

demonstrate the possibility to monitor the cluster growth in situ.
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1. Introduction

Polymorphous silicon is a nanostructured material

consisting of a small fraction of nanocrystalline silicon

particles or clusters embedded in a relaxed amorphous

matrix. This heterogeneous material is produced under

plasma conditions close to powder formation. The

hydrogen bonding in this material was probed by infra-

red absorption and hydrogen evolution measurements.
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Surprisingly, the heterogeneous nature has no deleteri-

ous effect on the electronic and transport properties of
these films; rather the transport and the hole transport

in particular are better than those of standard amor-

phous silicon. These properties suggest polymorphous

silicon be an excellent alternative to amorphous silicon

[1].

Recently, it was demonstrated that those nanocrystal-

line silicon particles are actually produced in the gas

phase of the plasma and not on the substrate itself [2].
However, no mechanism has yet been proposed to ex-

plain under which experimental conditions those nano-

particles take an amorphous or a crystalline structure.
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In the following, we will therefore present a semiempir-

ical quantum molecular dynamics simulation of the

growth dynamics of nanometric hydrogenated silicon

particles in the gas phase of a plasma reactor.

In Section 2, we will characterize the employed plas-

ma by means of a fluid dynamics model. Then, we will
investigate the cluster growth under two different exper-

imental conditions using semiempirical quantum molec-

ular dynamics. In Section 4, we will then show our first

result of an absorption spectrum obtained with a time-

dependent DFT approach.
Fig. 1. Time-averaged electric potential profile.
2. Fluid dynamics model calculations of the plasma

2.1. Model description

A glow discharge plasma is obtained by coupling

electric power to a neutral background gas. Basically,

the electric energy coupled to the system allows for ion-

ization of the neutral gas which is subsequently sus-

tained by ionizing electron-impact collisions. Besides
the ionization reactions leading to positive ions and elec-

trons, a variety of inelastic electron collisions also pro-

duce radicals and negative ions through attachment

reactions for instance. Those heavy species, namely ions

and radicals formed by primary reactions can react

through secondary reactions including polymerization

reactions, giving rise to a complex chemistry at the ori-

gin of the nanoparticles formation. Therefore, plasma
parameters such as the species (electrons, ions and rad-

icals) density and energy, are the basis of any nanopar-

ticle growth simulation if realistic simulations describing

real operating discharge conditions, is intended. For this

purpose, we make use of a plasma model.

Our plasma model deals with a conventional radio

frequency (13.56 MHz), parallel plate, capacitively cou-

pled glow discharge. The discharge is operated in a SiH4/
H2 mixture, the considered pressure range lies between

0.25 and 2.00 Torr, and the RF voltage is varied

between 100 and 500 V. A 1D model is used as we are

interested in the plasma chemistry rather than specific

geometry effects. Using a 2D model would have in-

creased the computational time without any qualitative

improvement of the resulting predictions. The plasma

is described by a set of 12 species including the back-
ground gas (H2, SiH4), radicals (H, SiH2, SiH3), positive

and negative ions (H+, H�, Hþ
2 ;H

þ
3 ; SiH

þ
2 ; SiH

þ
3 ; SiH

�
3 )

and electrons, interacting through a set of 38 chemical

reactions. The transport dynamics of the species is trea-

ted within the assumption of the hydrodynamics regime

also referred to as the fluid approximation. The fluid

approximation holds if the species mean free path k is

much smaller than the characteristic gradient lengths
(k$n/n � 1), a condition which is fully satisfied in our

operating discharge conditions. The fluid model equa-
tions are based on the density continuity equation and

the momentum continuity equation of both charged spe-

cies and neutrals, and the energy continuity equation of

the electrons. Details on the model equations and the

numerical algorithms can be found in Ref. [3]. Basically,

our code allows for calculating the species density and
energy profiles across the discharge as well as the electric

potential profile.

2.2. Typical results

Fig. 1 shows the time-averaged electric potential pro-

file across the discharge. Typically, the profile consists of

a flat potential region corresponding to the plasma bulk
where the electric field is almost zero and two potential

drop regions, the so-called plasma sheaths. Basically,

this feature of the potential profile reflects the response

of the plasma to the excitation electric field for preserv-

ing its macroscopic electric neutrality. The ion energy

profiles of SiHþ
3 and SiHþ

2 are shown in Fig. 2. Ions

are in thermal equilibrium with the room temperature

background gas in the plasma bulk, and might only gain
energy as they are accelerated by the sheath potential.

Typical results of a simulation carried out at a typical

experimental pressure of 1 Torr, an RF voltage of

300 V, and a 2% SiH4 in H2 mixture, are presented here.

Time-averaged density profiles of the most important

radicals and silane ions (H, SiH2, SiH3, SiHþ
2 ; SiH

þ
3 )

are plotted in Fig. 3. This figure shows that H and

SiH3 are the major plasma species in agreement with
previous experimental observations made in this range

of operating discharge parameters [4]. The density pro-

files result from a competition between the gas-volume

chemical reactions source terms and transport terms.

For the molecular dynamics simulation of below, we like

to point out, however, that the densities displayed in

Fig. 3 only concern species created by the plasma dis-

charge and not the background SiH4 molecules: while
SiH3 is clearly the most abundant plasma created



Fig. 2. Time-averaged ion mean energy profiles.

Fig. 3. Time-averaged species density profiles.
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species, the density of background SiH4 molecules is still

roughly 1000 times higher.
3. Molecular dynamics simulations of the cluster growth

Minimum energy structures have previously been cal-

culated for both pure silicon clusters [5] and hydroge-

nated silicon clusters [6]. The experimental observation

of powder formation in the plasma shows, however, that

the dominantly formed particles do not necessarily cor-

respond to those global minimum energy structures.

Therefore, it appears to be mandatory to simulate the

cluster growth dynamics under realistic plasma condi-
tions. In the previous section, we derived the relative

density of each plasma species. We also showed that

those plasma species are in thermal equilibrium with

the room temperature SiH4 background gas. In the pre-

sent section, we will use this information as input data

for our detailed molecular dynamics study. First, we will

demonstrate the validity of our semiempirical quantum

approach in comparison with high-level ab initio calcu-
lations and experimental cross section measurements.

Then, we study the most important energy transfer
channels involved in the reactive scattering of silicon

ions with vibrationally and rotationally excited hydro-

gen molecules. The respective roles played by initial

vibrational and rotational excitation of the reactants

for the reactivity enhancement of the silicon/hydrogen

system are investigated. Finally, we use the same simula-
tion approach to explore the details of the cluster

growth dynamics.

3.1. Simulation approach

Our recent experimental observation that the SinHm

clusters grow in the gas phase and not on the substrate

permits us to use quantum molecular dynamics simula-
tion QMDS to study the cluster growth mechanisms in

the plasma. Above, we determined the relative densities

of all SiHx radicals, their charge states, their kinetic

energies, collision intervals, and vibrational tempera-

tures necessary for the initial conditions of our semiem-

pirical quantum molecular dynamics simulations. Many

interatomic model potentials have been developed that

permit direct calculation of the structural dynamics of
complex semiconductors systems [7,8]. The use of those

model potentials gives detailed information on the

dynamics of the studied systems [9]. However, those

studies strongly rely on the used model potentials and

on the employed switching functions. Using density

functional theory, on the other hand, Muller et al. thor-

oughly analyzed the energetics and rates of possible gas-

phase reactions between Si and SiH4 without the use of
any model potentials [10]. While their outstanding work

has direct implications for hot-wire chemical vapor

deposition, it does not give detailed information on

the underlying reaction dynamics.

In the present paper, we performed trajectory calcula-

tions where all necessary interatomic potentials were

determined ‘‘on the fly’’ using quantum chemistry. In

this manner, we obtained time resolved information on
the reaction dynamics without using model potentials

or switching functions. Due to the enormous computa-

tional costs of ab initio calculations with appropriate

basis sets, we employed semiempirical PM3 quantum

calculations and we showed that we can not only repro-

duce all of the experimental results of Armentrout [11],

but that we also obtain a much more detailed insight in

the underlying elementary reaction dynamics not acces-
sible to previous experiments or simulations (see Fig. 4

and Ref. [12]).

3.2. Energy transfer mechanisms

The fluid model described above relays on the know-

ledge of energy dependent reactive cross sections for the

correct implementation of the 38 considered chemical
reaction. In Fig. 5, we showed the dependence of one

of the most important primary reactions on kinetic
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impact energy. In the following, we investigate the influ-

ence of internal reactant energy; i.e., we investigate the

details of energy flow between the different degrees of

freedom during the reactive scattering of Si+ with

H2(m0,J0) [13]. Notably, we demonstrate that excitation

of the internal reactant energy can lead to a considerable
0 10
 Impact Energy  [ eV, CM ]

0

0.5

1

1.5

2

 C
ro

ss
 S

ec
tio

n 
 [ 

10
-1

6  c
m

2  ]

MD Simulation

0

0.5

1

1.5

2

Experiment
MD Simulation

Si+ + H2 Si+
 + H + H

Si
+
 + H2 Si

+
H + H a

b

2 4 6 8

Fig. 5. Calculated and measured reaction cross sections r as function

of relative impact kinetic energy (a) for SiH+ production and (b) for

complete dissociation.
enhancement of reactivity (compare Figs. 5 and 6). In

addition, we show that both the absolute amplitude of

the reactive cross section and the shift of its maximum

toward lower impact energies only depend on the

amount of initial internal excitation and not on its pre-

cise nature; i.e., initial rotational excitation enhances
the reactivity of our system in the same way as prior

vibrational excitation (see Fig. 6).

We also showed that there are always two reaction

channels: a direct one and an intermediate complex-

mediated one. It is the lifetime of this intermediate com-

plex that determines the maximum vibrational energy

the SiH products can obtain during the reactive scatte-

ring event (see Fig. 7 and Ref. [13] for more details).

3.3. Cluster growth dynamics

Based on our fluid model calculations of above, we

know that our silane plasma can essentially be described

by mainly SiH4 molecules and a small fraction of SiH3

radicals. Since the reaction probability between two

SiH4 molecules is quite negligible at our room tempera-
ture conditions, cluster growth can only start once a

SiH4 molecule encounters a SiH3 radical.
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Fig. 6. Calculated reaction cross sections r as function of relative

impact kinetic energy for an initial laser excitation of the H2 reactant to

(m0 = 3, J0 = 1) and (m0 = 0, J0 = 14) both corresponding to an internal

energy Eint of 1.8 eV. (a) For SiH+ production: Si+ + H2(m0,J0) !
SiH+(m,J) + H and (b) for complete dissociation: Si+ + H2(m0,J0) !
Si+ + H + H.



Fig. 7. Correlation between SiH+ vibrational energy Evib, impact

parameter b and SiH2 complex lifetimes s for SiH+ products.

Fig. 9. A typical geometrical structure obtained for the growth of a

Si27H25 cluster considering thermal impact energies of the plasma

species.
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After this first reaction, the impact of additional SiH4

molecules is sufficient to ensure the continuation of the

cluster growth. In this manner, we followed the growth

dynamics up to SinHm clusters of nanometric size using

the same semiempirical quantum molecular dynamics

approach as above (see Fig. 8). The hydrogen atoms al-

ways remain at the surface of the forming hydrogenated

silicon clusters. Directly after the impact of a new mole-
cule, those hydrogen molecules easily ‘‘jump’’ from one

dangling bond to another.

In Fig. 9, we displayed the typical geometry of a

nanometric Si27H25 cluster. As all clusters that we grew

under our present room temperature plasma conditions,

this cluster shows an amorphous structure.

To gain a deeper insight in the growth mechanism, we

then studied the cluster growth for SiH4 molecules
impacting with an energy of 2.0 eV. Three typical results

are shown in Fig. 10. A general finding is that the
Fig. 8. Typical geometrical structures obtained from a cluster growth under re

always remain at the outside of the SinHm clusters.
contents of hydrogen in the final clusters is now consid-

erably lower than for the room temperature case. Yet

more striking, however, is the observation that the
clusters now crystallize in structures that are very com-

parable to those predicted for pure Sin clusters by

Raghavachari [14]. In Fig. 11, we show two typical

radial distribution functions as obtained from clusters

grown with two different impact energies. Since the

higher impact energy clearly facilitates the growth of

crystalline silicon structures, we suggest that plasmas

of higher temperature might be potentially interesting
for the growth of crystalline nanostructure.
4. Time-dependent DFT calculations for the cluster

absorption spectrum

We have calculated a preliminary optical absorption

spectrum for a spherical cluster Si10H16 with a diameter
of 0.8 nm (see Fig. 12). The geometry of this cluster is

obtained by cutting a spherical portion of the perfect
alistic plasma conditions. We like to point out that the hydrogen atoms



Fig. 10. Typical geometrical structures obtained for the growth of SinHm clusters considering impact energies of 2 eV.
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Si crystal and then saturating the dangling bonds with

hydrogen atoms oriented in the direction of the missing
bonds. A structural relaxation was performed before

proceeding with the calculation of the spectrum. Impor-

tant effects on the peak positions are dependent on the

cluster size. As a general rule, when the cluster size
Fig. 12. Geometrical structure of the considered Si10H16 cluster.
decreases, the increase in the quasiparticle gap blue
shifts the absorption edge, while the increase in the exci-

tonic binding energy red shifts the edge. Both effects

have to be correctly accounted for to obtain an accurate

description of the optical spectra. To this purpose, we

calculated electronic excitations within time-dependent

density functional theory (TDDFT) [15,16], using a

real-space, real-time approach to solve the time-depen-

dent Kohn–Sham equations, implemented in OCTO-
PUS [17]. This approach has widely proved in the last

years to provide an accurate description of optical prop-

erties of nanostructured materials [18]. The electron–ion

interaction is described through norm-conserving pseu-

do-potentials [19] and exchange–correlation terms are

included in the local density approximation (LDA). Cal-

culations are performed at zero temperature and fixed

geometry. An uniform grid spacing of 0.25 Å and a time
step of 0.004 fs assures a stable propagation and a peak

resolution better than 0.1 eV.

To calculate the dipole strength function (which is

proportional to the absorption cross section) we excite

the system from its ground state by applying a delta elec-

tric field E0d(t). In Fig. 13, we demonstrate the cluster

response in the t ! 1 approximation exhibiting a series
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of sharp peaks in the 7–16 eV range. Finally, we like to

mention that calculations for spectra of silicon hydroge-

nated systems have previously been performed using

GGA exchange and correlation functionals. Those spec-

tra are practically identical to our LDA spectra, as can

be seen in the work by Marques et al. [20].
5. Conclusion

Our present work was stimulated by the experimental

problem to understand the mechanisms leading to the

formation of crystalline or amorphous hydrogenated sili-

con clusters in a plasma discharge. Employing a fluid
dynamics model, we derived the relative densities and

temperatures of all species present in a typical silane

plasma. By means of semiempirical quantum molecular

dynamics, we then investigated the dynamics of the clus-

ter growth based on our results obtained from the fluid

model. We demonstrated that the final cluster structure

strongly depends on the details of the plasma parame-

ters. Notably, we suggest that the use of hotter silane
plasmas should favor the formation of crystalline cluster

structures. Finally, we calculated the optical absorption

spectrum of one of those hydrogenated silicon clusters

using time-dependent density functional theory. In the

future, we will use the resulting absorption spectra in

the IR and UV to monitor the cluster growth in situ

experimentally.
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